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In our laboratory we have tried to do just this: studying feeding behavior and predator-prey relations in contaminated and clean estuaries and examining population and community-level consequences, which we review here. We have collected organisms from the field and studied their behavior in the laboratory. We have also transplanted animals from clean to polluted sites and vice versa, or have placed them in simulated environments, and have seen the behaviors change to resemble those of the organisms originally from that site, demonstrating that behavioral differences are caused by the environment, not by genes (Smith and Weis 1997) . We have hypothesized that organisms in polluted environments would have reduced feeding and predator avoidance, which would lead to reduced growth and population size.
The contaminated sites we study in northern New Jersey are part of the highly urbanized New York-New Jersey Harbor estuary system. Contaminants in the system, which includes two industrialized study sites (Hackensack Meadowlands and Piles Creek, a tributary of the Arthur Kill), include PCBs (polychlorinated biphenyls); PAHs (polycyclic aromatic hydrocarbons); dioxins; chlorinated hydrocarbon pesticides; and metals such as copper, lead, zinc, cadmium, chromium, and mercury. These are typical contaminants in urbanized systems. In the 1990s, sediment values in Piles Creek were around 200 parts per million (ppm) for lead and about 5.0 ppm for mercury. In the Hackensack Meadowlands, E cotoxicology developed out of environmental toxicology, but the development of the field has been somewhat hampered by its history and the regulatory framework surrounding contaminants (e.g., federal regulations in the United States). Although pollutant effects can be studied at any level of biological organization, many studies focus on the level of the organism (dominated-even today-by single-species toxicity tests). Currently, much effort is focused on biochemical and cell-level responses, termed "biomarkers." Studies examine alterations in enzymes, cell structure, and hormones, for example, in animals exposed in the laboratory or at contaminated field sites. Studies at the population level often investigate reduced population size or density at contaminated sites, alterations in population genetic structure, and development of tolerance in contaminated populations. Studies at the community level include laboratory-based approaches, using dosed microcosms or mesocosms, and field approaches (dominated by benthic infaunal communities) examine species richness, diversity index, and abundance, which generally are reduced at contaminated sites. There is relatively little work at the functional level to see whether and how behaviors such as predator-prey interactions may be modified in contaminated sites, and how altered behavior and interactions can affect the trophic structure of the ecosystem. A number of scientists have called for increasing the "eco" in ecotoxicology (Relyea and Hoverman 2006, Schmidt-Janssen et al. 2008) . Supporting the need for ecological studies, Dalkvist and colleagues (2009) 
found that
Articles values were about 100 ppm for lead and 3.5 ppm for mercury. These values are high, but reflect a considerable decrease from levels decades earlier (Bopp et al. 2006 ). These two sites are not the most contaminated in the system; Newark Bay has the highest levels of mercury and the Passaic River has the highest levels of PCBs (about twice as much as the Hackensack and Piles Creek; Adams et al. 1998) .
We studied the behavior of five common and important species in northeastern US estuaries and marshes. Our initial work was with common killifish (or mummichogs, Fundulus heteroclitus), a small Cyprinodontid fish that stays within a limited area. Those from the contaminated Piles Creek were less active, less able to capture prey (grass shrimp, Palaemonetes pugio), and more vulnerable to predation by blue crabs than those from Tuckerton, a relatively unpolluted reference site in southern New Jersey near a preserve, with much lower levels of contaminants. After fish from Tuckerton were kept in aquaria in the laboratory with food and sediments from Piles Creek, their prey capture ability decreased to equal that of the Piles Creek fish. (This work was reviewed in an earlier BioScience article [Weis et al. 2001] .) The stomach contents of field-caught Piles Creek fish contained far more sediment and detritus (which is not nutritious for them) and less live prey than Tuckerton fish stomachs Weis 1997, Weis et al. 2001a) . Their poor diet and reduced predator avoidance could help explain why these fish do not grow as well or live as long as conspecifics from relatively uncontaminated sites (Toppin et al. 1987) . We also noted abnormal thyroid glands (highly expanded follicles and increased epithelial cell thickness) and neurotransmitters (reduced serotonin) in Piles Creek fish, which could be responsible for their altered behavior (Smith et al. 1995 , Zhou et al. 1999 .
Recently, Goto (2009) examined killifish from another polluted site near the Arthur Kill in Staten Island and found that the fish there had two to three times less food in their stomachs than did fish from a reference population. The grass shrimp ingested by these fish were half the size of those eaten by the reference population, and the Staten Island fish ate more polychaetes instead. The Staten Island fish apparently replaced decapods in their diet with polychaetes (instead of sediment and detritus, as was done by Piles Creek fish). The Staten Island fish appear to be less affected by pollutants than Piles Creek fish, and they eat a better diet since they can capture more grass shrimp, albeit small ones. The lower level of contaminants in their creek compared with Piles Creek could be the reason for their more successful feeding behaviors. Weis and colleagues (2001b) , studying numerous populations, also found a correlation between sediment contamination and prey capture ability.
Behavioral and ecological observations have now been extended to four other common species inhabiting contaminated estuaries of Northern New Jersey: grass shrimp (P. pugio), fiddler crabs (Uca pugnax), blue crabs (Callinectes sapidus), and bluefish (Pomatomus saltatrix). Each species showed altered feeding and trophic interactions, yet the consequences were different for each.
Grass shrimp
Killifish captured grass shrimp from Piles Creek just as frequently as they captured shrimp from Tuckerton (Smith and Weis 1997) , showing that the shrimp's predator avoidance was not impaired at the contaminated site. Bass and colleagues (2001) studied P. pugio populations in Piles Creek and Tuckerton and found that shrimp were both larger and more numerous at Piles Creek. However, in laboratory studies that maintained juveniles from both populations in aquaria with sediments and water from both sites (Piles Creek fish in Piles Creek conditions, Piles Creek fish in Tuckerton conditions, Tuckerton fish in Piles Creek conditions, and Tuckerton fish in Tuckerton conditions), Piles Creek shrimp did not grow faster than Tuckerton shrimp, and aquaria with Piles Creek sediment did not enhance the growth of either Piles Creek or Tuckerton shrimp. The larger size and greater population density of the shrimp at Piles Creek are consistent with reduced top-down control: Their major predator, killifish, are not only poor predators (Smith and Weis 1997) but also are smaller and less abundant at Piles Creek than Tuckerton (Bass et al. 2001) .
Although the shrimp in Piles Creek do not appear to be negatively affected by the contaminants (in terms of predator avoidance behavior), there are undoubtedly direct negative effects on them as well. Perez and Wallace (2004) found that shrimp from the vicinity of a landfill had reduced prey capture ability (of brine shrimp), and that grass shrimp from a reference site exposed to sediment and water from the contaminated site for eight weeks had reduced prey capture. Stout (2009) investigated the physiological differences between grass shrimp from Piles Creek and Tuckerton and found that compensatory partitioning of their energy budgets allows Piles Creek shrimp to maintain adequate allocation of resources to growth and reproduction. Stout measured shrimp consumption of oxygen, carbon (C), and nitrogen (N), as well as their allocation to egestion, respiration, excretion, growth, ecdysis, and reproduction. He found that shrimp, especially ovigerous ones, could thrive through compensatory partitioning of resources to greater reproduction relative to Tuckerton shrimp. The shrimp egg masses from Piles Creek were proportionately larger, and the total C, N, and the amount of energy allocated to eggs were significantly higher. Ovigerous shrimp from the two sites had similar rates of food consumption, and Piles Creek shrimp had higher N and C losses to egestion. However, Piles Creek shrimp reduced their allocation of resources to respiration and excretion, allowing greater allocation of resources to reproduction. Although food consumption was comparable in ovigerous shrimp from the two populations, intermolt Piles Creek shrimp ate less; reduced feeding is a common response to contaminants (Maltby 1999 , Weis et al. 2001 . Nevertheless, the shrimp in Piles Creek maintained similar growth rates to those in noncontaminated sites by compensatory partitioning of their resources. The impact of contaminants on shrimp is mitigated by the greater impact of those same contaminants on killifish, so the net effect on shrimp is positive as a result of a reduction of top-down effects (which supports the findings of Bass and colleagues [2001] ).
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Fiddler crabs Fiddler crabs are abundant in estuaries along the east coast of the United States; they construct burrows in intertidal marshes. Fiddlers pick up sediment and use their mouthparts to separate edible detritus and algae from mineral material. Their burrowing and feeding activities benefit marsh plants through bioturbation (Bertness 1985) . After mating, females carry developing eggs in their swimmerets ("egg sponge"), and release larvae-which are flushed from the estuary (Christy 2003) -to develop in coastal waters for about two weeks before being swept back into the estuary to settle and molt into an early benthic stage in tidal marshes.
Feeding and activity budget. To determine whether there were differences in how male fiddlers from contaminated Piles Creek and reference site Tuckerton spent their time, Bergey (2007) constructed activity budgets for crabs observed in large aquaria in an undisturbed room. All of the crabs spent most of their time walking, resting, and in burrows, but Tuckerton crabs spent more time on the sediment surface than Piles Creek crabs. Feeding was a relatively small part of the activity budget, but these animals were fed additional food twice a week. Bergey (2007) also observed populations at the field sites, where crabs spent much of their time feeding. Tuckerton crabs spent more time feeding than Piles Creek crabs; crabs at Piles Creek spent more time resting (figure 1). Although there was no statistically significant difference found in time spent in burrows in the field, field observations are biased against crabs that are in their burrows at the beginning of the observation period.
Predator avoidance. Bergey (2007) placed marked crabs from both populations in large containers with mud and allowed them to burrow for 24 hours. Then, she added saltwater to simulate a high tide, and fiddlers were given two hours to acclimate before the addition of one blue crab. After 24 hours Bergey removed the blue crab, drained the water, and noted the number of survivors from each population. Significantly more Tuckerton crabs were consumed by the blue crab than were Piles Creek crabs. It was not possible to videotape this study, but differences in the Piles Creek and Tuckerton crab survival could be related to the tendency of Tuckerton crabs to spend more time on the surface feeding and the tendency of Piles Creek crabs to spend more time in burrows (Bergey 2007 ).
There do not appear to be any obviously aberrant behaviors in the Piles Creek crabs resulting from living in a contaminated site. Enhanced C (Bergey 2007) in Piles Creek sediments may promote decreased foraging time and greater survival, although this needs to be further substantiated. It is also possible that the reduced activity of Piles Creek crabs, (with resulting reduced predation on them), is a response to contaminants. Piles Creek crabs spend more time either inactive on the marsh surface or in burrows, where they are less conspicuous to predators.
Size and population density. Bergey and Weis (2008) used burrow counts to estimate population density; these counts indicated that Tuckerton had a significantly greater population density (about three times greater) than Piles Creek. However, Piles Creek crabs were significantly larger than Tuckerton crabs (figure 2; Bergey and Weis 2008) . More C in Piles Creek sediments (Bergey 2007) , combined with lower population density (less competition), may allow for greater growth. It is also possible that predation from other crabs and fishes is also reduced in Piles Creek, allowing the crabs there to live longer and grow larger. In both populations, far more males than females were collected. The percentage of females at Piles Creek appeared higher than at Tuckerton, but since gravid females tend to stay deeper in their burrows, many of them were undetected in both populations.
Fecundity. Bergey and Weis (2008) extracted eggs from live females and weighed them. Two subsamples of eggs from each population were weighed and the number of eggs counted and averaged. Bergey and Weis (2008) extrapolated the total number of eggs produced by each female from the weight of the egg mass. Larger females produced more eggs but there appeared to be no significant population differences in fecundity in sizematched individuals. However, because of their larger size and the sex ratio, Piles Creek crabs were calculated to produce more eggs per square meter than Tuckerton crabs (Bergey and Weis 2008) . Although Piles Creek females produced more eggs than did Tuckerton females, the population density at Piles Creek was significantly smaller (because recruitment is far less).
Recruitment. Bergey and Weis (2008) secured netting in plastic hoops to form a screen to capture the early benthic phase crabs when they settled out from the plankton. Many more recruits were collected at Tuckerton than Piles Creek throughout the season (figure 3), which probably reflects the larger size of the breeding population. To determine whether predation could affect the counts of early benthic phase crabs while they were on the screen, Bergey and Weis covered half of the screens with a cage to prevent predator access. There was no difference between the numbers of crabs Articles collected on protected screens versus unprotected screens at Piles Creek, indicating that predation is not a significant factor there. However, there were significantly more crabs collected on protected screens at Tuckerton, indicating that predation may play a larger role in success of settling crabs at Tuckerton (figure 3; Bergey and Weis 2008) .
Tides and wind-driven circulation are important in determining the supply of larvae to estuarine systems. Tuckerton is in an area with expansive salt marshes that could provide additional larvae to the area, whereas Piles Creek is in a heavily industrialized area with limited nearby marshes from which to import larvae. Hydrological variables are associated with the abundance of estuarine crab larvae (De Vries et al. 1994) , and larvae that travel long distances before settlement would have greater mortality and thus less recruitment. Piles Creek is much further from the ocean than Tuckerton; however, larvae from Piles Creek (and other nearby tidal creeks) may never have been in the ocean at all. Piles Creek empties into the Arthur Kill, a channel connecting Newark Bay at the north to Raritan Bay at the south. Because of its complex hydrology, much of the water does not leave the system for many tidal cycles. Winds and fresh water inflow, which are highly variable, play major roles in the hydrology of the area (Chant 2002) .
Survivorship of early benthic phase crabs. Bergey and Weis (2008) placed newly collected early benthic phase crabs in fingerbowls with sediment and artificial seawater: Tuckerton crabs were placed on Tuckerton sediment, Piles Creek crabs on Piles Creek sediment, Tuckerton crabs on Piles Creek sediment, and Piles Creek crabs on Tuckerton sediment. They changed the water daily and the sediment every three days to provide food. Tuckerton crabs on Tuckerton sediment survived significantly longer than any of the crabs from the other treatments (Bergey and Weis 2008) . Survival was lower for all crabs on contaminated Piles Creek sediments, which very likely exerted toxic effects. Early benthic phase Piles Creek crabs had decreased survival even on Tuckerton sediment, suggesting that they have already been impaired by environmental pollutants during their time as planktonic larvae. Many organisms, including crustaceans, exhibit delayed effects of contaminants, wherein the effects of exposure during the larval stages may appear after metamorphosis (Pechenik 2006) . Larvae settling out at Piles Creek had spent time in the Arthur Kill, another grossly contaminated system. Levin (2006) suggested that larval retention in natal habitat may be common in invertebrates, and thus Piles Creek larvae may not have had any time in relatively clean environments. Larval stages tend to be very sensitive to environmental stressors, so recruits at Piles Creek had probably already been impaired. 
The Bergey and Weis study (2008) suggests that the major impact of contamination is in the recruitment and survivorship of juveniles. The contaminants could be decreasing survival during early life stages, leaving a reduced population density of recruits. Once settled, these more tolerant individuals find enriched food, less competition, and possibly fewer predators, which could allow them greater success later in life than crabs at Tuckerton, resulting in the presence of larger individuals in the population.
Haroski (2008) examined fecundity and larval morphology at the same two sites (Tuckerton and Piles Creek) to determine the effects of contaminant exposure on reproductive fitness of field-collected organisms. She determined fecundity gravimetrically and examined larvae for morphological abnormalities, and, like Bergey and Weis (2008) , found that crabs were larger and their fecundity was higher at Piles Creek than at Tuckerton. Although abnormal larvae were observed at both sites, the proportion of abnormal larvae was higher at Piles Creek, which may also contribute to the lower recruitment of the early benthic phase.
Adults at Piles Creek are more tolerant to metal contaminants (Callahan and Weis 1983 ). Furthermore, they are able to reduce their body burden of toxic metals by moving them into their exoskeleton just prior to molting (Bergey and Weis 2007) , which may further contribute to their tolerance.
Blue crabs
Blue crabs are important in estuarine food webs, and also as a fishery species. They are predators but also scavengers; juveniles are important prey for adults, as cannibalism is a major feature of their ecology. Females release larvae into coastal waters, and larvae later migrate and metamorphose in the estuary. Blue crabs were used to test predator avoidance of both mummichogs (Smith and Weis 1997) and fiddler crabs (Bergey 2007) , but the question arises whether blue crabs from contaminated sites are themselves affected by the contaminants. As predators, they would be expected to accumulate toxicants from their prey, which could, in turn, affect their behavior.
In laboratory experiments, adult blue crabs from the contaminated Hackensack Meadowlands and Tuckerton reference sites were placed with various prey species-juvenile blue crabs, mummichogs, ribbed mussels (Geukensia demissa), and fiddler crabs (U. pugnax)-and prey capture was recorded. Hackensack crabs were poor predators on juvenile blue crabs and adult mummichogs (both very active prey) compared with Tuckerton crabs. However, Hackensack adult crabs consumed equivalent amounts of ribbed mussels and fiddler crabs, which are inactive or less-active prey, suggesting that they may have reduced coordination rather than appetite or motivation to feed (figure 4; Reichmuth et al. 2009 ). The behavioral data are supported by an analysis of the stomach contents of field-caught crabs. Hacksensack crabs' stomachs contained approximately 60% algae, plant material, detritus and sediment, and much lower amounts of crab, fish, and other live food than Tuckerton crabs (figure 5). This composition is an uncommon diet for a predator; the Hackensack crabs appear to be more scavengers than predators. However, the relative absence of bivalves in their diet may reflect reduced amounts available at Hackensack.
Transplant experiments. Reichmuth and colleagues (2009) caged adult Tuckerton crabs in Hackensack Meadowlands or fed them food from Hackensack in the laboratory for eight weeks, and vice versa, after which time crabs were again tested for prey capture ability, using juvenile blue crabs as prey. Their tissues were also analyzed for metals, as were those of native crabs from each site. The prey capture ability declined significantly for Tuckerton crabs exposed to Hackensack food or environment, indicating that environmental factors were responsible for the behavior (figure 6). Mercury levels increased in muscle tissues, and chromium and zinc increased in the hepatopancreas, after the crabs were fed food from or were transplanted to Hackensack Meadowlands (Reichmuth et al. 2010) . When Hackensack adults were caged in Tuckerton or were fed fish from Tuckerton in the lab, their prey capture ability improved significantly. Mercury levels were variable, and did not show a significant decrease ), whereas copper, zinc, and lead were depurated from the hepatopancreas (Reichmuth et al. 2010 ).
Aggression and predator avoidance. Reichmuth and colleagues (2011) tested juveniles individually for aggression with a stopper at the end of a dowel that was slowly moved toward Articles them. Their response was recorded as "attack," "flee," or "mixed" (when they first attacked and then fled). Hackensack juvenile crabs attacked the threatening stimulus significantly more often (70%) than did Tuckerton crabs, which responded more often with a flight (approximately 35%) or mixed response (approximately 30%). Predator avoidance experiments were set up in a large aquarium with sand on the bottom, using adult blue crabs as the predator and marked, size-matched juveniles from both populations as prey. Tuckerton juveniles were eaten significantly more often than the Hackensack crabs. To determine whether the aggressive behavior by the Hackensack juveniles was the reason for their enhanced survival with a predator, follow-up experiments were videotaped in an aquarium without substrate, the results of which suggest that aggression per se was not the reason for enhanced survival, as aggressive juveniles were no more successful than nonaggressive ones in avoiding the predator. In some cases, aggressive juveniles that used a threat display in front of the much larger adult were quickly consumed, whereas crabs that fled were likely to live longer. This suggests that some other aspect of the Hackensack crabs' behaviornot aggression-allows them to survive longer in the presence of a predator. The aggressive behavior of Hackensack juveniles continues into the adult stages, and can affect the movement of individuals into traps. When Reichmuth and colleagues (2011) placed groups of five crabs (all from the same population) in a large tank with a baited trap, far fewer Hackensack crabs entered the trap. If one entered, it often attacked any others that would enter, sometimes killing them. In contrast, significantly more Tuckerton crabs entered the baited crab pot and there was no mortality. 
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Size and growth. Reichmuth measured all the crabs brought back to the laboratory during the summers of [2004] [2005] [2006] [2007] [2008] for behavior studies. After any crab molted, its carapace was remeasured and the percent increment was calculated and compared. Overall, adult Hackensack crabs were significantly larger than Tuckerton crabs, contrary to expectation, which is similar to the patterns found when comparing the Piles Creek grass shrimp and fiddler crabs with the Tuckerton populations. However, growth increments of crabs that molted in the lab were equal for the two populations (Reichmuth 2009 ).
It has been found that lipofuscin, a granular yellow-brown pigment, accumulates in crustacean tissues proportionally over time, and that the amount of this pigment can be used as an indicator of a crab's age (Ju et al. 1999) . Representative crabs were brought to the laboratory of Rodger Harvey, at the University of Maryland, by Reichmuth (2009) for lipofuscin analysis. Results suggested that Hackensack crabs were younger than Tuckerton crabs of the same size, implying that Hackensack crabs grow faster. Because increments at molt are not greater, Hackensack crabs may molt more frequently in the field in order to achieve a larger size. Although the molt frequency in the lab was comparable for the two populations, these crabs were not consuming their normal diets. We do not have data on molting in the field, but studies on other crabs have indicated that contaminants generally tend to retard the molt cycle (Weis et al. 1992) , although DDT (di chlorodiphenyltrichloroethane) did accelerate molting (Weis and Mantel 1976) . Endocrine disruption by contaminants such as chlorinated hydrocarbons may affect molting hormones to accelerate the molt cycle. Another possibility is that Hackensack crabs may be stressed and therefore not accumulating as much lipofuscin as Tuckerton crabs. The lipofuscin aging method should be validated for the effects of contaminants.
It is also likely that Hackensack crabs live longer than Tuckerton crabs as a result of a fishing ban in the area. Instituted because of the human health risk of contaminant accumulation, the ban functions to release a top-down effect of human fishing activity, enabling Hackensack crabs to live longer and become larger. This result is similar to Piles Creek grass shrimp whose natural enemies, mummichogs, were poor predators, smaller, and less abundant as a result of pollution. In that case, the shrimp became more numerous and larger, although they did not grow faster (Bass et al. 2001) . In both of these cases, the positive effects of reduction of top-down control appear to have had a greater impact than any direct negative effects of the contaminants.
Bluefish
Bluefish (Pomatomus saltatrix) spawn in the Atlantic Ocean in the spring, then the young move into estuaries. Young-of-the-year (YOY) bluefish ("snappers"), voracious piscivores, may reside in contaminated estuaries during their first summer before migrating back offshore in the fall. As a result of exposure to contaminants, these fish, which are high in lipids, may bioaccumulate high levels of contaminants-including PCBs, pesticides, and methylmercury-that biomagnify up the food web. Fish from contaminated estuaries may have reduced feeding and growth compared with those that spent the summer in cleaner environments, and they may be less competitive. Candelmo (2010) collected YOY bluefish from Hackensack and Tuckerton in the early fall and measured their length; weight; stomach contents; and levels of PCB, pesticides, and mercury. Hackensack fish were smaller (figure 7) and had elevated levels of contaminants; many fish (63%) were collected with empty stomachs (Candelmo 2010) . The 27% of Hackensack fish with food in their stomachs is considerably lower than the percentages of 63% to 92% reported in numerous other studies of YOY bluefish from other sites (Juanes and Conover 1994 , Buckel and Conover 1997 , Buckel et al. 1999 , Gartland et al. 2006 ). This reduced feeding was not because of smaller populations of prey, because prey fish (mummichog and menhaden) were easily caught in seines and trawls. The reduced feeding of Hackensack fish could lead to their smaller size. The mean PCB body burden of the Hackensack bluefish was two-to threefold greater than that of the menhaden and mummichogs in their stomachs, showing biomagnification from prey to predator. A number of the Hackensack bluefish exceeded the US Food and Drug Administration's action level of 2000 nanograms per gram for PCBs, and all were above the US Environmental Protection Agency's limit of 0.47 micrograms per gram (one meal per month) level for mercury. In contrast, fish from Tuckerton were larger (14.9% longer and 44.4% heavier) than Hackensack fish; most (75%) had prey (mostly mummichogs, menhaden, and silversides) in their stomachs, and they had lower levels of contaminants in their tissues, although their mean PCB body burden was six times greater than that of the prey (mummichogs and menhaden) in their stomachs, indicating greater biomagnification (Candelmo 2010) .
The levels of PCBs and mercury in menhaden and mummichogs taken from inside Hackensack bluefish stomachs 
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with thickened epithelial cells, that were often depleted in colloid as compared with Tuckerton fish (Candelmo 2010) . This finding was similar to what had been seen in Piles Creek killifish. Neurotransmitters were measured in the brains of YOY bluefish from Hackensack and Tuckerton. Levels of dopamine and its metabolites dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) were significantly lower in Hackensack fish than in Tuckerton fish. In addition, the dopaminergic activity level (ratios of DOPAC to dopamine and HVA to dopamine) of Hackensack fish were significantly lower than those of Tuckerton fish. These results suggest disruption to both the synthesis and metabolism of dopamine-alterations that may underlie their altered behaviors. Exposure to endocrine-disrupting and neurotoxic contaminants appears to be associated with biochemical and physiological changes causing behavioral impairments during a period of rapid growth and development.
The reduced feeding, activity, and growth of the fish may have a substantial impact on their fitness, migratory competence, overwinter survival, and recruitment success. Sizedependent winter mortality can play a key role in year-class strength and overall stock size; in general, larger individuals are more likely to survive their first winter (Hurst and Conover 1998 , Schultz et al. 1998 , Lankford and Targett 2001 , Slater et al. 2007 . Increased winter mortality of contaminated individuals may be associated with decreased stock size of this species.
Overview and future work Our work has shown that different species are affected in different ways by contamination, although we've found altered feeding and predator-prey interactions in all five species.
were higher than those of these fish caught in trawls and seines, suggesting that more contaminated fish are easier to capture (supporting earlier laboratory data that Piles Creek mummichogs are easier for blue crabs to prey upon; figure 8 ). If bluefish preferentially eat more contaminated prey (because they are easier to catch), then even greater amounts of contaminants will be trophically transferred.
Lab experiment. Candelmo and colleagues (2010) collected YOY bluefish from Tuckerton at the beginning of the summer for a study in which they were fed daily for four months with menhaden and mummichogs from either Tuckerton or Hackensack. After four months, the researchers measured the bluefish, tested them for swimming activity level and feeding rate, and then chemically analyzed their tissues. Hackensack-fed bluefish had significantly reduced levels of feeding (figure 9), spontaneous activity, and growth compared with Tuckertonfed bluefish . Tuckerton-fed fish swam about twice as fast as Hackensack-fed fish, which also exhibited a higher percentage of irregular swimming behavior. The reduced feeding and growth support the data on size and empty stomachs seen in the field-collected fish. The Hackensack-fed fish also had highly elevated levels of PCBs, pesticides, and mercury that had been trophically transferred to them during the feeding experiment; these contaminant levels were higher than those of the field-collected fish in the fall.
We had previously found altered thyroid and neurotransmitters in contaminated (Piles Creek) killifish (Smith et al. 1994 , Zhou et al. 1999 . We investigated neurotransmitters and the thyroid glands of YOY bluefish from Tuckerton and Hackensack. Hackensack bluefish and the Hackensack-fed laboratory fish had enlarged, irregular thyroid follicles, lined Articles against pollution, which takes away from their investment in defenses against predators. Further work on bluefish and their prey, as well as on other organisms, is needed to ascertain whether either of these can be generalized.
Are certain taxonomic groups more likely to be successful under contaminant stress? Our data suggest that crustaceans are faring better in the contaminated environments than fishes. The reduction in predation on the shrimp enabled them to thrive, and it may be that the reduction in human predation on the blue crabs as a result of a fishing ban may be responsible for greater blue crab success, and not any inherent properties of the crustaceans themselves. However, there may also be inherent characteristics in some taxa that enable them to be less affected under those conditions. Phylogenetic aspects of predator-prey responses to pollution stress in aquatic organisms need to be examined in other systems.
Are certain traits associated with being more successful in contaminated areas? An examination of functional traits and fundamental and realized niches would be a useful framework for this analysis (McGill et al. 2006) . Traits govern species' responses to their environment and affect fitness in different environments. It is clear that certain traits are necessary for a species to persist in stressful environments (Poff 1997 , Lamouroux et al. 2004 ), but obviously certain traits will determine the relative success of those that do persist. The ability to develop tolerance is an important trait that can be conveyed by a number of different mechanisms, including reduced uptake of contaminants or accelerated depuration. One crustacean trait that may promote their greater success could be the ability to move contaminants into their exoskeletons before molting (Bergey and Weis 2007) . Feeding habits and diet, physiology, body size, and reproductive rate affect how a species responds to contaminant stress, but all of those traits can themselves be altered by contamination. Plasticity of traits, especially feeding habits, is important in a changing environment.
Reduced feeding in the lab was confirmed by stomachcontent analysis in field-caught mummichogs and blue crabs (sediment and detritus), and in bluefish (empty stomachs). Reduced feeding resulted in lower growth for the two fish species (killifish and bluefish), but it did not affect the crustaceans that had compensatory partitioning (shrimp), richer food (fiddler crabs), or that seemed to thrive on that diet (blue crabs). Reduced predation also contributed to increased survival of grass shrimp (by killifish), juvenile blue crabs (by adult blue crabs or humans), and fiddler crabs (by blue crabs in the lab and unknown predators on early benthic phases in the field). It appears that the crustaceans are faring better than the fish (table 1) . Can these speciesspecific results be generalized? Questions for future studies include the following: (a) Are organisms at higher trophic levels affected more than those lower down? (b) Are certain taxonomic groups more successful under contaminant stress? (c) Are certain traits associated with being more successful in contaminated areas? (d) On the other hand, are the particular contaminants at a given site important in determining which organisms are more susceptible than others?
Are organisms at higher trophic levels more likely to be affected?
Our killifish and grass shrimp data suggest that predators are more affected by contaminants than are their prey. Consumer stress models also predict that this would be the case Sutherland 1976, Menge and Farrell 1989) , but it is unknown whether these models apply to contaminant stress. Chemicals that biomagnify become more concentrated in predators than in prey, so predators may indeed be more greatly affected. However, many studies indicate that predator avoidance by prey is impaired by contamination (Kraus and Kraus 1986 , Clements 1999 , Smith and Weis 1997 , so the outcome depends on whether the particular predator or prey is affected to a greater degree. Prey stress models predict that prey would be more affected than predators Olson 1990, Trowbridge 1998) because stressed prey typically invest energy in defenses Note: Parentheses indicate whether appetite or coordination appeared to be affected; field validation indicates whether large amounts of detritus were seen in stomachs or whether they were empty. Checkmarks indicate that effects were observed; the equals sign indicates that no effect was observed. Plus and minus signs indicate positive or negative effects.
Stable isotope studies have been very useful for understanding food webs as they summarize complex trophic networks and track the flow of energy through them. Whereas C stable isotope ratios reflect the primary producer at the base of the food chain, higher N stable isotopic composition indicates a higher trophic position. Stable isotope ratios can be used to determine trophic niche width by examining the variance of C and N ratios among individuals in a population (Bearhop et al. 2004) or species in a community (Layman et al. 2007a ). The niche width of predators is greatly reduced in fragmented environments as a result of reduced diversity of prey and of primary producers and a reduced number of trophic levels (Layman et al. 2007b) . Reduction in niche width may similarly occur in contaminated environments, and this approach should be examined in future studies.
Another relevant issue is "junk food." This term has been used (Österblom et al. 2008 ) to refer to species in higher trophic levels (seabirds and mammals) eating lower-quality foods (less rich in lipids) in cases in which higher-quality prey are not available because of climate change, fishing, and other stresses. Traits such as energetically expensive foraging behavior and lower digestive efficiency appear to be associated with sensitivity to food quality changes. In the current studies, consuming a diet of "junk food" (sediment and detritus) appears to be more harmful to the mummichogs than to the blue crabs, which seemed to grow well in the contaminated environment despite eating large amounts of sediment and detritus. The poor diets that result from contaminant-induced inability to capture nutritious prey has not been a major research focus and should be pursued.
Are the particular contaminants at a given site important in determining which organisms are more susceptible than others? We have not attempted to attribute the effects seen to any particular contaminant, but we have observed correlations of behavior with levels of mercury and PCBs. We would expect similar changes in other similar, industrialized estuarine systems such as the Elizabeth River, and the Baltimore and New Bedford harbors, and we encourage others to investigate this. Additional insights could be gained from modeling studies in the future and from better characterization of the effects of toxicants on species physiology and structure-activity relationships of different groups of toxicants. Different contaminants and combinations are likely to be more stressful to different types of organisms; for example, whereas Piles Creek shrimp were able to survive well in the industrially polluted Piles Creek, shrimp populations have fared less well in sites contaminated with agricultural pollution (Leight et al. 2005) . The differential sensitivities and the ability of particular taxa to deal with and adapt to contaminants will vary with different types of contaminants. We encourage researchers to delve further into comparing populations to answer some of these intriguing questions.
